We report quantum interference effects in InAs semiconductor nanowires strongly coupled to superconducting electrodes. In the normal state, universal conductance fluctuations are investigated as a function of magnetic field, temperature, bias and gate voltage. The results are found to be in good agreement with theoretical predictions for weakly disordered onedimensional conductors. In the superconducting state, the fluctuation amplitude is enhanced by a factor up to ~ 1.6, which is attributed to a doubling of charge transport via Andreev reflection. At a temperature of 4.2 K, well above the Thouless temperature, conductance fluctuations are almost entirely suppressed, and the nanowire conductance exhibits anomalous quantization in steps of e 2 /h.
Chemically grown semiconductor nanowires can provide a mesoscopic system to study quantum confinement and interference effects at low temperature, which is a promising platform to develop novel quantum devices. In Coulomb blockade regime, single-electron tunneling devices [1, 2] and few-electron quantum dots [3] have been realized successfully from various nanowires. In strong coupling regime, Kondo effect [4] , weak localization [5] and universal conductance fluctuations [4] [5] [6] have been observed using InAs nanowires. With highly transparent contacts to conventional superconductors, a supercurrent can flow through the semiconductor nanowire to enable Josephson field-effect transistors [6, 7] and gate-tunable superconducting quantum interference devices [8] at the nanoscale.
Universal conductance fluctuations (UCF) are caused by the quantum interference of multiply scattered electronic wavefunctions in a weakly disordered conductor, giving rise to aperiodic conductance fluctuations as a function of magnetic field and Fermi energy [9, 10] . As the sample size, L, becomes smaller than the phase coherence length L  D    , where D is the electron diffusion constant and   the inelastic scattering time, the root-mean-square (rms) amplitude of the fluctuations is of order e 2 /h independent of the degree of disorder [9, 10] . Here, e is the electric charge and h Planck's constant. When the mesoscopic normal conductor is brought into contact with a superconductor, the phasecoherent electronic transport is expected to incorporate superconducting correlations [11] , resulting in a combination of UCF and Andreev reflection [12] . Following some initial pioneering work [13] based on all-metallic systems, further investigation of such a fundamental phenomenon has remained an experimental challenge [14] .
In this Letter, we investigate the conductance fluctuations of InAs nanowires, contacted with superconducting Al electrodes, as a function of magnetic field B, back-gate voltage V g , bias V, and temperature T. The magnetoconductance data show reproducible and aperiodic fluctuations with a characteristic amplitude of order e 2 /h. We estimate the phase-coherence length to be L  ~ 100 nm at T = 30 mK. The autocorrelation function of the magnetoconductance data decays on a field scale consistent with this value of L  , In the superconducting state, the amplitude of conductance fluctuations is enhanced by a factor up to ~ 1.6 at low bias below the superconducting energy gap 2/e, which is attributed to a participation of Andreev reflected holes in UCF. As we increase temperature above the Single crystalline InAs nanowires are grown via laser-assisted vapor-liquid-solid method. After depositing the nanowires on a degenerately doped p-type silicon substrate with a 250-nm-thick surface oxide, superconducting contacts are formed using Ti(10 nm)/Al(120 nm). Details on the nanowire growth and device fabrication have been published elsewhere [6] . The linear conductance G of the nanowire device, corresponding to the inverse of a dynamic resistance (dV/dI) -1 , is measured using an AC lock-in technique, in which the AC voltage across the sample is kept below k B T/e to avoid electron heating. To reduce the external noise effects, the measurement leads were filtered by  filters at room temperature and low-pass RC and copper powder filters at the temperature of the mixing chamber in a dilution refrigerator.
Typical magnetoconductance data at T = 30 mK are shown in Fig. 1a . The magnetic field, B, was applied parallel (perpendicular) to the nanowire axis for device D1 (D2). The overshoot of G(B) curve near B = 0 T is due to a supercurrent induced by the superconducting proximity effect. Regardless of the field direction, reproducible and aperiodic conductance fluctuations are observed as a function of magnetic field. The peakto-peak variation of magnetoconductance is about e 2 /h, consistent with theoretical predictions [9, 10] . G(B) curve is symmetric upon field reversal as expected for a mesoscopic two-probe measurement [15] . The rms magnitude of the magnetoconductance fluctuations is defined as rms(G B ) = <(G(B)-<G(B)>) 2 > 1/2 , where the angular brackets refer to an average over magnetic field, resulting in rms(G B ) = 0.29 (0.30) e 2 /h for D1 (D2) with perpendicular magnetic field. In this average we disregarded the low-field data range (|B| < 0.5 T) where the magnetoconductance is affected by weak localization/antilocalization [5] and superconducting proximity effect [6] .
The phase coherence length L  can be obtained from the analysis of the autocorrelation function of G(B), which is defined as F(B) = <G(B)G(B+B)> -<G(B)> 2 with B a lag parameter in magnetic field [9, 10] . F(B) is expected to have a peak at B = 0. The half-width at half height of this peak corresponds to a magnetic correlation length, B c , over which the phases of interference paths become uncorrelated with those at the initial field. Figure 1b shows the positive side (B>0) of the autocorrelation function. From the data obtained in perpendicular magnetic field (open dots) we find B c = 0.21 T and 0.18 T for device D1 and D2, respectively. According to theoretical calculations for a quasi-onedimensional conductor [11] , the correlation field is expected to be inversely proportional to the coherence length, i.e. B c = 0.42   /(wL  ), where   = h/e is the one-electron flux quantum and w a width corresponding to the nanowire diameter (80 nm). From B c ≈ 0.2 T we find L  ≈ 100 nm. This value is smaller than the one obtained from weak localization/antilocalization measurements in similar nanowires [5] . Since the Fermi wave number k F is estimated to be ~ 5x10 6 cm -1 from the carrier concentration n s ~ 6x10 18 cm -3 [6] , our assumption of the quasi-one-dimensional conductor is satisfied with k F l >> 1 where l = 10 -100 nm is an elastic mean free path [5, 6] . Similar F(B) curves are obtained with the magnetic field applied parallel to the nanowire axis, in contrast with previous results for multi-walled carbon nanotubes [15] . We argue that the seemingly weak dependence of B c on the field direction reflects the fact that L  is very close to the nanowire diameter.
The obtained values of L  can be used to verify the consistency between the observed UCF amplitude and the corresponding theoretical expectation. When the coherence length L  is much shorter than the sample size L, the nanowire can be considered as a series of uncorrelated segments of length L   The fluctuations are described by rms(G B ) = 2.45(L  /L) 3/2 [16] , resulting in 0.27e 2 /h for D1, and 2.1 e 2 /h for D2. While the first value is in good agreement with the measured UCF amplitude, in the second case we find a significant discrepancy which we interpret as the result of an effective channel length substantially larger than the lithographic distance between the contacts. To support this interpretation, we note that contact electrodes are 500 nm wide and, within the same contact, the transparency of the metal-nanowire interface can be strongly inhomogeneous. The hypothesis of a larger channel length for D2 is further substantiated by the relatively small value of the conductance (~36e 2 /h) as compared to D1 (~22.5e 2 /h).
In the absence of magnetic field the conductance fluctuations are observed as a function of V g , since a change of chemical potential induced by V g is equivalent to a change -5 - in impurity configuration in the nanowire [17] . Figure 2a shows bias-dependent G(V g ) curves, in which the background conductance was subtracted from the raw data of G(V g ) after a second order polynomial fit. With increasing bias V, the fluctuation amplitude decreases substantially while its pattern is deformed progressively from the initial one at the low bias. The bias-dependent rms amplitude of the fluctuations, rms(G g ) = <(G(V g )) 2 > 1/2 , with angular brackets referring to an average over V g , is depicted in Fig. 2b . The rms amplitude drops abruptly as the bias voltage exceeds the superconducting energy gap of the electrodes, V gap = 2/e ~ 0.23 mV. Above V gap , however, rms(G g ) remains larger than the rms(G B ) extracted from Fig. 1a . We ascribe this residual enhancement to which is mostly attributed to the presence of time-reversal symmetry at zero magnetic field. The enhancement factor in the normal state, rms(G g )| V=0.44mV /rms(G B ), is about 1.7 for D1, which is quite close to the theoretical expectation of 1.41 [11] .
We suggest that another enhancement of rms(G g ) value at low bias below V gap is a direct evidence of the interplay between UCF and Andreev reflection. The inset of Fig. 2b shows a typical dynamic conductance dI/dV(V) curve at low temperature far below the superconducting transition temperature T c = 1.1 K of Al electrode. The overall conductance enhancement at low bias below V gap is caused by the Andreev reflection at the interface between the InAs nanowire and the superconducting electrodes, where the incident normal electron is retro-reflected as a phase conjugated hole [12] . Multiple conductance peaks at V m = V gap /m with m = 1, 2, 3 occur when the Andreev-reflected hole is reflected again as a normal electron at the opposite interface, or vice versa [18] . Finally additional elementary charges of Andreev-reflected holes are driven into a weakly disordered system of InAs nanowire to increase the rms amplitude of conductance fluctuations at low bias below V gap .
For a phase-coherent segment of L  near the interface, the enhancement factor  of the rms amplitude of UCF in the superconducting state relative to the one in the normal state is given to be about  = 2.08 in theory with the assumption of time reversal symmetry [11] .
Thus, for the whole nanowire segment of L between two superconducting contacts, the total enhancement factor  is obtained to be (1+2( 2 -1)/N  ) 1/2 with N  = L/L  , giving rise to  for D1, which is quite close to the experimental value of rms(G g )| V=0.1mV / rms(G g )| V=0.44mV = 1.57 in Fig. 2b .
Another characteristic length scale determining coherent electronic transport is the thermal length, defined as L T = (hD/2k B T) 1/2 . Using D = 80 cm 2 /s [6] , we obtain L T = 1.3 m at T = 30 mK. Since this is much longer than L and L  , we have so far ignored thermal smearing as a dephasing mechanism. We now discuss the effect of temperature. To investigate the T-dependence of conductance fluctuations in the absence of superconductivity we have applied a perpendicular magnetic field of B = 0.1 T, corresponding to a magnetic flux of (0.2 -0.9)  0 in the nanowire segment. The ac bias for the lock-in measurement was kept below 10 V in order to minimize electron heating effect. The results are shown in Fig. 3a . As temperature increases, rms(G g ) is almost constant up to a critical temperature T * = 1.2 K, above which it decreases substantially. Highly reproducible fluctuations of G(V g ) for T < T * are displayed in the inset of Fig. 3a over a large V g range. The critical temperature T * is linked to the Thouless energy, a characteristic energy scale E c for diffusive transport, which is defined as E c = hD/2L 2 [19] . For D4, E c is found to be 0.14 meV, compared to k B T * = 0.10 meV.
As the fluctuations have almost disappeared at T = 4.2 K, conductance plateaus emerges clearly at G = me 2 /h with m = 3, 4, 5 in the G(V g ) curve, as shown in Fig. 3b . The conductance steps remain almost unaltered even after the application of a perpendicular magnetic field up to B = 2.33 T. The conductance values in the zero-field G(V g ) curves of There are two distinctive features in our measurement differing from the quantized conductance of quantum point contacts in two-dimensional electron gas [20] . Firstly, we utilized only a back gate for the electrostatic depletion. It is speculated that an arbitrary quantum point contact is formed in the middle of the nanowire segment due to a nonuniform distribution of the electrostatic potential with the application of V g [21] .
Secondly, the unit of conductance steps is e 2 /h rather than 2e 2 /h, where the factor of 2 corresponds to the spin degeneracy of the one-dimensional subbands [20] . It should be noted that at B = 2.33 T the Zeeman splitting |g B B| = 2.02 meV is larger than the thermal -7 -energy broadening 3.5k B T = 1.26 meV at T = 4.2 K (based on previous experiments [8] we have taken g  -15, the Lande g-factor in bulk InAs, while  B is the Bohr magneton).
Similar anomalies in the conductance quantization have been reported for other onedimensional nanostructures, such as carbon nanotubes [22] , Ge/Si nanowires [23] and GaAs quantum wires [24] . The origin of the apparent lack of spin degeneracy is currently not understood. It has been proposed that a spontaneous spin polarization may occur in a one-dimensional electron gas at zero magnetic field [25] . More in-depth studies are necessary to shed light on this open issue.
In summary, we have investigated quantum interference effects in InAs semiconductor nanowires connecting superconducting metal contacts. In the normal state, conductance fluctuations as a function of magnetic field or gate voltage are in good agreement with theoretical predictions for a weakly disordered one-dimensional conductor.
In the superconducting state, we have presented strong evidence of the interplay between UCF and the phase-coherent Andreev reflection phenomenon. Finally, following the temperature-induced suppression of UCF we have observed an anomalous conductance quantization whose physical origin remains to be clarified. 
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